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Abstract 
This work describes an automated system based on a ring transducer aimed to the early detection of breast cancer. Such 
equipment allows compounding multiple sector echographic images acquired at angular intervals around the breast in a water 
bath.  A theoretical analysis of the resolution of this kind of image is presented. First, the impulse response (Point Spread 
Function) in any point of the imaged area is computed by numerical means. From this, several quality maps were built to quantify 
resolution, homogeneity and sensitivity of the resulting image. The effect of aperture size, number of partial images and ring 
dimensions is also analyzed. A low cost prototype has been used to validate the model. A thin wire has been accurately 
positioned in different locations of the imaged area, using a 128-element and 3.5 MHz linear array transducer. Experimental 
results are in agreement with developed theory. 
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1. Introduction 
Breast cancer is the malignant tumor with the highest incidence in women, and one of highest mortality rates, 
with 8 million new cases in the world each year (Jemal et al., 2011). However, survival rates are nearly 100% if 
detection is early (Breast cancer, 2014). In this context, mammogram screening programs were developed. However, 
mammography presents a radiation risk and moderate sensitivity, especially in dense breast tissue, more likely to 
develop cancer (Ursin et al., 2005). Promising alternatives are the tomographic ultrasound imaging systems. 
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The potential of ultrasound tomography has been known since the 1970s (Schomberg, 1978). Those systems 
generate different image modalities, providing a performance comparable to Magnetic Resonance Imaging (Ranger 
et al., 2012), considered the gold standard. Furthermore, scanning is completely automatized, so repetitive images 
are produced, allowing patient follow-up in the long term. USCT provide a full perspective of the mamma, so 
potential lesions may be located accurately. 
The USCT prototype developed in the ARTEMIS project pretends to offer automated and multi-modal ultrasonic 
imaging at reasonable low cost. The experimental arrangement consists of 2 coplanar medical, 128-element, 1D 
array transducers. Accurately positioning around the imaged object is provided by mechanical means, and a 
calibration process ensures an angular resolution of 0.1º and radial distance errors below 0.15 mm. 
This work is focused on the reflectivity image modality, namely, Full Angle Spatial Compounding (FASC), 
which minimizes some drawbacks of conventional echography. To obtain a FASC image, several conventional B-
Scan images are acquired at regular angular positions and then compounded. As all insonification angles can be 
covered, biological structures are fully depicted, speckle is reduced and spatial resolution is, in principle, isotropic.  
In this work FASC spatial resolution is systematically analyzed by simulation to determine a relationship between 
the number of compounded images and image quality. This theoretical analysis is validated by experiments. 
2. Methods 
2.1. Analysis by simulation. 
The spatial resolution, sensitivity and isotropy of FASC are determined by means of a mathematical model based 
on the Point Spread Function (PSF), which defines spatial resolution for an imaged point. This response is a function 
of the number of compounded B-Mode images ( M ), system geometry, lateral sensitivity of array elements, 
frequency ( fSZ 2 ) and fractional bandwidth ( B ) of the ring aperture. The ring aperture is modelled as a joint of 
linear sub-apertures. The parameters that define the aperture are the in-circle radius (R) and the linear aperture 
length as the product of the number of elements (N) by the inter-element pitch.  
 
 
Fig. 1 (a) Representation of FASC; (b) B-Scan axial r and lateral θ axes; (b) Ring aperture model FASC coordinates system; (c) ROI, and 
directions for radial resolution (Δr) and tangential resolution (Δt). 
 
The Region of Interest (ROI) is the circle where all the compounded B-Mode images overlap. The B-Scans that 
compound the final image are acquired by a set of linear apertures, regularly distributed along the ring. For any B-
Scan each imaged point is referred by the steering angle ( fT ) and the image depth from the center of the aperture. 
For a simple approximation, the PSF is assumed to be separable into axial and lateral components. If r and T  are 
the axial and lateral coordinates, then 
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We assume a Gaussian function in the axial direction, which is the envelope of the ultrasonic pulse, function of 
the fractional bandwidth ( B ) and wavelength ( O ). Also, propagation losses are considered: 
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On the other hand, for a continuous wave the lateral pattern is the array factor, which is a function of the inter-
element pitch (d), the aperture size  NdD   and the steering angle θf. This function is modulated by the lateral 
sensitivity of the element, which is a function of its active size (d-g), where g is the gap:  
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While the axial resolution is practically independent of depth and steering angle, the lateral resolution is a 
function of both. This results in the spatial resolution anisotropy characteristic of conventional echography. 
The FASC PSF is obtained by rotation and averaging of the individual B-scan PSFs. The spatial resolution is 
defined as the main lobe width of the PSF. In this work, the Full Width at Half Maximum (FWHM) criterion is 
followed. Attending to the circular geometry of the spatial composition, measurement grid was defined in polar 
coordinates with origin at the ROI center. Therefore, results are quantized by the following magnitudes: 
x The radial resolution is measured in millimeters along the radial axis ( r' ). 
x The tangential resolution is measured in millimeters in the angular axis ( t' ). 
x A resolution isotropy factor is defined: 
t
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These parameters are computed for points equally distributed along the radial and angular coordinates of the ROI. 
However, due to the rotational symmetry, only points inside the sector limited by two positions of the linear sub-
aperture need to be computed. 
2.2. Experimental verification 
The theoretical analysis was reproduced experimentally for verification purposes. The USCT prototype was used 
to image a thin steel wire in several positions along the Region Of Interest (ROI). As a result, experimental PSFs of 
FASC are obtained and compared with the theoretical model results.  
Every individual aperture is a 128-element array, with central frequency 3.5 MHz and 50% of fractional 
bandwidth (Prosonic, Korea). The probe is moved by a stepper motor with high mechanical resolution (0.1º) to 
simulate the position of another aperture in a water tank. The USCT system emulates a ring transducer of R = 94 
mm, with a ROI of 60 mm of radius. 
A thin steel wire (0.26mm) was located at several radii in the imaged plane. For each position, 360 sector B-
Scans were acquired at 1º interval. The position coordinates of the wire target are those of the centroid of the 
reflectivity peaks of each B-Scan. In order to obtain PSFs in other angular positions, the acquisition set points are 
rotated instead of shifting the position of the wire. 
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3. Results 
3.1. Experimental verification 
The position coordinates of the wire target in the experiments were extracted in order to compute the FASC PSF 
numerically. Fig. 2a shows the numerical PSF for a sector image, while Fig. 2b is its experimental counterpart, for 
the position (-0.6, -0.1) mm. The computed PSF is a good approximation of the main lobe of the experimental PSF. 
Several secondary lobes in the axial direction are observed in the last, because the steel wire is not perfectly normal 
to the image plane and due to the effect of creeping waves. However, they do not have an impact on spatial 
resolution when measured with the FWHM criterion. This can be appreciated in the representation of the PSF in the 
axial (Fig. 2c) and lateral (Fig. 2d) axes. 
 
                      
Fig 2 B-Scan PSF acquired from (-94,0).  (a) Simulation; (b) Experimental PSF; (c) Axial profile comparative; (d) Lateral profile comparative. 
Fig. 3 represents the spatial composition of 8 B-Scans, while Fig. 4 shows the image when compounding 36-
BScans. In both cases, the numerical FASC PSF is a good approximation of the experimental main lobe. In the 
FASC of 8 images, the shape is anisotropic outside the -6dB contour line of the main lobe. Even in this case, the 
proposed model mimics experimental PSF. The spatial resolution measurements are very close in the theoretical and 
experimental cases: In the case of FASC of 36 images, the experimental radial resolution is 0.61 mm, and the 
forecasted value is 0.63 mm. The measurements for the tangential resolution are 0.67 and 0.64, respectively. Similar 
results are obtained for the FASC of 8 images. 
 
    
Fig 3 PSF FASC of 8 images (a) Experimental results; (b) Theoretical result. 
The differences between forecasted and real measurements of spatial resolution are very small in other points of 
the region of interest too. The absolute error of the numerical model is 0.04mm and the standard deviation is 0.01 
mm either for 36 or 8 images. FASC of 24 and 15 images have been considered too, although they yield similar 
results to the 36-FASC.  
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Fig 4 PSF FASC of 36 images (a) Experimental result; (b) Theoretical result. 
3.2. Image characterization 
Fig 5 represents the spatial resolution in ROI for FASC of 36 and 8 images. On one hand, the spatial resolution is 
very similar in the angular and the radial axes for a given point. The mean value of the isotropy factor ( H  ) among 
the ROI is 0.99 for any number of compounding images. In other words, the PSF FASC shape can be approximated 
to a circumference at FWHM. On the other hand, a lower number of images give a higher inhomogeneity, although 
it could be sufficient in some applications. For example, in the case of tangential resolution ( t' ), the range of values 
in the ROI is 0.18 mm for 36 images and 0.21 mm in a FASC of 8 images.   
 
             
Fig 5 Radial resolution, Δr, (a) for 8 images and (b) for 36; Tangential resolution, Δt (c) for 8 images and (d) for 36. 
4. Conclusions 
Full Angle Spatial Compounded (FASC) images have been analyzed both, theoretically and experimentally for 
resolution, homogeneity and isotropy. Experiments validated the numerical model used to perform the theoretical 
analysis. Resolution is practically constant and similar to the axial resolution provided by the transducer bandwidth. 
Isotropy shows small variations around unity, so that a single term “resolution” can be applied to FASC images. It 
has been proved that these figures hold for an increasing number of compounded SAIs. In practice, compounding a 
small (i.e. M=8) number of Single Angle Images (SAIs) acquired from equidistant angular positions, is enough to 
achieve these results. However, low amplitude radial artifacts are appreciated in that case, but can be eliminated by 
increasing the number of compounded images to M > 14. 
These results allow using a small set of M array probes acquiring SAIs in a multiplexed mode to produce high 
quality FASC images at high speed. Acquiring a set of FASC images at different heights would provide 3D 
volumetric images in a short time as well. Such low-cost approach achieves increased resolution, repeatability and 
enough capabilities to be considered an alternative technique to the current x-ray based mammography for breast 
cancer screening. 
a b
b
mm mm 
m
m
 
m
m
 
mm mm mm mm 
m
m
 
m
m
 
m
m
 
m
m
 
146   L. Medina-Valdes et al. /  Physics Procedia  63 ( 2015 )  141 – 146 
 
References 
Breast cancer. (2014). Retrieved May 20, 2014, from http://www.cancer.org/cancer/breastcancer. 
Jemal A, Bray  F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer J Clin 2011; 61:69-90. 
Ranger B, Littrup PJ, Duric N, Chandiwala-Mody P, Li C,  Schmidt S, Lupinacci J, Breast ultrasound tomography versus magnetic resonance 
imaging for clinical display of anatomy and tumor rendering: Preliminary results. AJR Am J Roentgenol 2012; 198(1):233-239 
Schomberg H. An improved approach to reconstructive ultrasound tomography. J. Phys. D: Appl. Phys. 1978; 11:L181-L186. 
Ursin G, Hovanessian-Larsen L, Parisky YR, Pike MC, Wu AH. Greatly increased occurrence of breast cancers in areas of mammographically 
dense tissue. Breast Cancer Research 2005; 7:R605-R608 
 
 
 
